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Summary  
The small proteoglycans deeorin, biglycan and fibromodulin were prepared as a mixture from bovine nasal cartilage. The 
proteoglycans in this mixture were shown to interact with hyaluronate immobilized on Sepharose beads under isotonic 
conditions. The interaction could be disrupted by increasing the ionic strength of the solvent by enhancing the 
concentration of NaC1. To further characterize the proteoglycans of this mixture, they were visualized with the glycerol 
spraying/rotary shadowing technique for electronmicroscopy. They were shown to have a globular core protein and one 
or more glycosaminoglycan chains. The molecules, moreover, were organized as multimeric complexes, and their 
association one with another appeared to be mediated by either core protein or glycosaminoglycan chain interactions. 
Complexes were shown by rotary shadowing microscopy to associate with hyaluronate in solution. The combined results 
of this study show that as a mixture, the small proteoglycans of cartilage can interact with hyaluronate, though not 
necessarily as discrete monomers but rather as multimeric omplexes. The observations made in this study also suggest 
that a similar interaction could occur in vivo, where the interaction between small proteoglycans and hyaluronate may 
have a functional significance in the maintenance of cartilage homeostasis. 
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Int roduct ion 
ARTICULAR CARTILAGE conta ins  a var iety  of proteo- 
glycans that  vary in size, g lycosaminoglycan content  
and funct iona l  propert ies.  The largest  is aggrecan 
which possesses over 100 glycosaminoglycan chains, 
that  may e i ther  be chondro i t in  sulfate or keratan  
sulfate [1]. Upon ro tary  shadowing e lectron 
microscopy the aggrecan molecules often appear  as 
rods with two globular  regions ( termed G1 and G2) 
at one end and one globular  region ( termed G3) at 
the other  [2]. The glycosaminoglycan chains are 
most ly  present  in the long centra l  extended region. 
The tandem globular  regions are found at the amino 
terminus  of the core protein,  and the most  amino 
te rmina l  of the two (G1) is responsib le for the 
in teract ion  of aggrecan with hya luronate  to form 
proteoglycan aggregates. The other  cart i lage 
proteoglycans have commonly  been cal led 'non- 
aggregat ing '  proteoglycans,  as it is general ly  held 
that  they do not  form complexes with hyaluronate.  
This group of molecules consists of at least  three 
members,  termed decorin,  biglycan and fibro- 
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modul in.  All are the products  of dist inct genes [3-6], 
but show considerable homology in prote in  
s t ruc ture  [7, 8]. None possess a domain ana logous  to 
any of the domains present  in the G1 reg ion of 
aggrecan.  Both decor in and biglycan have dermatan  
sulfate chains near  their  amino terminus,  wi th  the 
former possess ing one such chain and the lat ter  two 
[9]. In contrast ,  f ibromodul in is not glycosylated in 
this region, but bears up to four keratan  sul fate 
chains in its centra l  region [10]. 
A l though termed 'non-aggregat ing' ,  these proteo- 
glycans can interact  with other  matr ix  components .  
Of  par t i cu la r  interest  is the observat ion that  both 
decor in  and f ibromodul in can interact  at di f ferent 
sites on types I and I I  col lagen fibrils. This  inter-  
act ion appears  to be mediated via the core proteins,  
a l though in the case of decorin,  the dermatan  
sulfate chain may also play a role [11-13]. Decor in  
also binds to type VI col lagen in a t ime and 
concentrat ion-dependent  manner  [14]. In addit ion, 
it is known that  decor in and biglycan and the i r  core 
prote ins bind to the cell b inding domain of in tact  
f ibronect in and inhibit  cell adhes ion to f ibronect in  
[15]. The smal l  dermatan  sulfate proteoglycans also 
bind to t rans forming rowth factor  (TGF)-fl, and to 
hepar in  cofactor  II, and so inhibit  the mitogenic  
act iv i ty of TGF-fi and thrombin  act iv i ty  and clot 
formation,  respect ively [16, 17]. 
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In cartilage per se, other than the binding to 
type II collagen, comparatively little is known 
about small proteoglycan interactions with other 
cartilage molecules. In the present work we 
demonstrate that the so called 'non-aggregating' 
proteoglycans can bind to hyaluronate under 
specified conditions, and that both core protein and 
glycosaminoglycan chains probably play a role in 
this interaction. 
Materials and methods  
PREPARATION OF PROTEOGLYCANS 
Proteoglycans were prepared from bovine nasal 
cartilage (obtained from 1-2-year-old animals) by 
extraction with 4 M guanidinium chloride, and 
subsequent dissociative CsC1 density gradient 
centrifugation as described previously for human 
articular cartilage [9]. A starting density of 1.4 g/ml 
was chosen so that aggrecan and its degradation 
products, which are rich in glycosaminoglycan 
chains, would predominate in the bottom of the 
gradients, decorin, biglycan and fibromodulin 
would concentrate in the center of the gradients 
together with hyaluronate, and most glycoproteins 
would be present at the top of the gradients. The 
gradients were accordingly divided into three 
preparations, D1-3, representing the bottom, center 
and top of the gradients, respectively. The D2 
preparation was subjected to gel filtration through 
Sepharose CL-4B, and ion-exchange chromatog- 
raphy through DEAE-cellulose to further purify 
the decorin, biglycan and fibromodulin from 
hyaluronate and other  contaminating macro- 
molecules, prior to dialysis and freeze-drying. All 
three small proteoglycans co-eluted under the 
conditions used. 
INTERACTION OF PROTEOGLYCANS WITH 
HYALURONATE 
Interaction of the proteoglycans with hyaluronate 
was assessed by chromatography through 
a hyaluronate-Sepharose column (1 ml). 
Hyaluronate-Sepharose was prepared by coupling 
partially degraded high molecular weight 
hyaluronate to AH-Sepharose 4B (Pharmacia) 
using a carbodiimide, and blocking unreacted sites 
with acetic acid [18]. Control columns were 
also prepared in which hyaluronate was omitted 
and the AH-Sepharose was substituted with 
only acetic acid. Samples were dissolved at 2 mg/ml 
in 50raM Tris-HC1, pH 7.5, containing 150ram 
NaC1, and 0.5 ml was applied to the column. The 
column was then washed with the loading buffer 
to elute unbound material, followed by a gradient 
of 0.15-1.0M NaC1 and finally 50 mM Tris-HC1, 
pH 7.5, containing 4M guanidinium chloride. 
Proteoglycans eluted from the hyaluronate- 
Sepharose column were analyzed by sodium 
dodecyl sulphate (SDS)-polyacrylamide g l electro- 
phoresis (PAGE) in a 4-20% gradient gel [19], which 
was stained successively with Coomassie Brilliant 
Blue and Alcian Blue [20]. In some cases samples 
were treated with chondroitinase ABC (from 
Proteus vulgaris, supplied by Sigma) or keratanase 
(from Pseudomonas pecies, supplied by Sigma) 
prior to analysis. Chondroitinase digestion was 
performed in 0.1 M Tris-HC1, 0.1 M sodium acetate, 
pH 7.3, using 50 m units of enzyme per fraction, with 
incubation for 4 h at 37°C. Keratanase digestion was 
performed under identical conditions, but usiflg 4 m 
units of enzyme. 
ELECTRON MICROSCOPY 
Preparation of proteoglycans 
A lyophilized mixture of small proteoglycans was 
dissolved in 0.05 M sodium acetate buffer, pH 6.0, at 
a final concentration of I mg]ml. Undiluted samples 
were either heated to 37°C for 1 h, or directly 
dialyzed overnight at 4°C against several changes of 
0.02M ammonium bicarbonate buffer. In some 
preparations, hyaluronate ( lmg/ml in water) 
was added at concentrations ranging from 
10-500/~g/ml. The hyaluronate originated from 
human umbilical cord (Sigma), and was purified 
using methods previously described [21]. Aliquots 
of samples were mixed with glycerol (1:1, vol/vol) 
immediately before air brush spraying onto 
cleaved mica, as described previously [22]. After 
drying under vacuum, the specimens were shadowed 
at 9°C with platinum and at 90°C with carbon so 
as to produce a supporting film. The film was 
floated onto distilled water and picked up on 200 
mesh copper grids. Molecules were visualized in a 
Philips 400 electron microscope and photographed 
at a final magnification of ×160 000 or x208 000. 
Purified aggrecan monomer was prepared from 
human neonatal femoral cartilage by isolating a 
D1 preparation by direct dissociative density- 
gradient centrifugation i  CsC1 and 4 M-guanidine 
chloride [9]. These proteoglycans were prepared 
for rotary shadowing by resuspension in 0.05 M 
sodium acetate buffer, pH 6.0, at 1 mg/ml. The 
molecules were then shadowed at final concen- 
trations ranging from 20-1000 #g/ml as described 
above. 
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Preparation of collagen fibril fragments 
Cartilage from 3-day-old post-hatched chicks was 
removed from the proximal tibia and dissected free 
of adherent noncarti laginous ti sue. All procedures 
were carried out at 4°C, and largely as described 
previously [22]. Briefly, tissue was mechanically 
homogenized by razor blade cutting, and extracted 
for 20 h in a 1 M NaC1 solution buffered with 0.05 M 
Tris-HC1, pH 7.4, and containing proteinase in- 
hibitors (1 mM phenylmethylsulfonyl fluoride, 0.1 M 
6-aminohexanoic acid, 10 mM N-ethylmaleimide and 
10 mM disodium EDTA). The suspension was centri- 
fuged for 6min at 400g to precipitate tissue 
aggregates, and the resulting supernatant was recen- 
trifuged at 27 000 g for 30 min. The pellet was resus- 
pended in 1 M NaC1 and recentrifuged at 115 000 g 
for 2 h. The final fibril pellet was resuspended in
isotonic Tris buffer (0.15 M NaC1, 0.05 M Tris-HC1, 
pH 8.0), before processing for rotary shadowing. 
Resu l ts  
Interaction of the 'non-aggregating' proteo- 
glycans with hyaluronate was assessed by affinity 
chromatography, in which hyaluronate oligosac- 
charides ranging in size from 10-50 mono- 
saccharides were covalently coupled to Sepharose 
beads. Most of the mixture of decorin, biglycan 
and fibromodulin was retained by the column 
under isotonic conditions, but was preferentially 
eluted by the NaC1 gradient prior to 4 M 
guanidinium chloride [Fig. l(a)]. The latter 
guanidine procedure is required for dissociating 
the specific interaction between aggrecan and 
hyaluronate [23]. The peak of the NaCl-eluting 
material occurred in the presence of 0.4 M NaC1. 
Bovine serum albumin, which was used as a 
nonproteoglycan protein control, showed little 
interaction with the column and was not retained 
under the loading conditions used [Fig. l(b)], 
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FIG. 1. Elution of proteoglycans and bovine serum albumin through yaluronate-Sepharose. A mixture of (a) decorin, 
biglycan and fibromodulin and (b) bovine serum albumin was passed through yaluronate--Sepharose under isotonic 
conditions. The column was then eluted with a 0.15-1.0 M NaC1 gradient (point 1) and finally with 4 M guanidinium 
chloride (point 2). The elution position of the macromolecules was monitored by absorbance at280 nm. 
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FIG. 2. Analysis of proteoglycans bySDS-PAGE. The fractions containing proteoglycans from the hyaluronate-Sepharose 
chromatography [Fig. l(a)] were pooled, concentrated and subjected to analysis by SDS-PAGE. Analysis was performed 
(a) after treatment with only chondroitinase ABC and (b) after treatment with chondroitinase ABC plus keratanase. Gels 
were stained with Coomassie Brilliant blue and Alcian blue. The following samples were electrophoresed: lane l, 
molecular weight standards; lane 2, proteoglycan not retained by the column; lane 3, proteoglycan eluted in the NaC1 
gradient; lane 4, proteoglycan eluted with 4 M guanidinium chloride. 
indicating that the interaction of the nonaggregat- 
ing proteoglycans is not a nonspecific effect 
exhibited by all proteins. Furthermore, the inter- 
action of the small proteoglycans does not appear to 
be a nonspecific property of AH-Sepharose-derived 
resins, as coupling of only acetic acid to the resin 
resulted in lack of retention of the small 
proteoglycans that had required NaC1 for their 
elution from the resin substituted with hyaluronate. 
Thus, the small proteoglycans exhibit a selective 
interaction with hyaluronate, which is distinct from 
that exhibited by aggrecan. 
Analysis of the NaC1 eluant by SDS-PAGE 
revealed that both the dermatan sulfate and keratan 
sulfate-containing proteoglycans were retained by 
the hyaluronate, as glycosaminoglycan chains 
sensitive to both chondroitinase ABC [Fig. 2(a)] and 
keratanase [Fig. 2(b)] were detected. It is also 
apparent hat the pattern obtained after chon- 
droitinase treatment is the same in all three eluates, 
suggesting that there is not selective retention of 
one of the dermatan sulfate proteoglycans. Thecore 
protein of decorin can be distinguished from that of 
biglycan following chondroitinase treatment by the 
generation of one or two components, respectively, 
due to differences in N-linked oligosaccharide 
substitution patterns [9]. Thus it appears that each 
of decorin, biglycan d fibromodulin are retained 
by hyaluronate-Sepharose, although one cannot be 
sure whether the retention is direct or indirect in all 
cases. 
Indirect retention would imply the ability of the 
proteoglycans to self-associate, suggesting that a 
proportion of the molecules ould be secondarily 
retained within the column, not because of direct 
binding to hyaluronate, but rather because of 
intermolecular binding to other proteoglycans. 
The ability of the 'non-aggregating' proteog]ycans 
to form self-associated complexes was investigated 
by the glycerol spraying/rotary shadowing tech- 
nique for electron microscopy. At 4°C [Figs 3(a) 
and 3(b)] and when heated to 37°C [Fig. 3(c)], the 
proteoglycans were mainly organized as clusters 
and these showed a tendency to increase in size 
with increased temperature. In agreement with 
observations made by others on biglycan and 
decorin [24], the globular core protein was 
identified as a single electron dense structure with 
no subdivisions. The dermatan sulfate and keratan 
sulfate chains were seen as fine filamentous rods. 
The rods were clearly identified within the 
clusters, but because of apparent entanglement, 
their full length and course were difficult o 
determine. When an isolated monomer was found, 
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however, its glycosaminoglycan chains were 
resolved with difficulty suggesting that the rods 
may represent more than a single chain. Proteo- 
glycan distribution within the clusters differed, 
permitting two types to be identified (Fig. 3). These 
complexes exhibited either a tight association 
where the globular proteins were in contact, or a 
loose association where they were not. Such 
complexes would be compatible with distinct 
interactions involving the prote0glycan core pro- 
teins or glycosaminoglycan chains, respectively. In 
the current work it is not possible to distinguish 
between the different proteoglycan types, and upon 
structure alone to determine whether the different 
FIG. 3. Analysis of small proteoglycans byrotary shadowing electron microscopy. The small proteoglycans are mixed in 
the (a), (b) absence and (c) presence of heat and visualized by electron microscopy following glycerol spraying and 
shadowing with platinum and carbon. Globular protein domains are indicated (small arrowheads), together with 
putative sites of protein-mediated (arrows) or glycosaminoglycan-mediated ( sterisks) self-association. Bar = 100 nm. 
Magnification x208 000. 
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complexes are composed of a single or multiple 
proteoglycan types. 
The observation of proteoglycan self-association 
raises the question of whether this is a specific 
phenomenon or a result of the spreading technique 
being used. To check for nonspecific interactions, 
aggrecan was processed using the same methods. In 
contrast to the 'non-aggregating' proteoglycans, 
rotary shadowing of aggrecan showed only indivi- 
dual molecules with a multiglobular structure 
(data not shown) as reported previously [2, 25], and 
there was no evidence of self-association, i dicating 
that the association of globular proteins is not a 
nonspecific artefact of the technique used in this 
work. 
Samples were also prepared in the presence of 
hyaluronate to investigate small proteoglycan/ 
hyaluronate interaction, and to assess the binding 
of hyaluronate to monomer or to clustered 
proteoglycan forms. Hyaluronate was structurally 
identified in glycerol sprayed samples using criteria 
previously described [26]. The hyaluronate was 
shown by preliminary experimentation to form fine 
branching networks [Fig. 4(a)]. Proteoglycans and 
hyaluronate were combined at final concentrations 
of 1000 pg/ml and 80 pg/ml, respectively, and diluted 
1:1 with glycerol before airbrush spraying onto 
mica. Long filaments or polymeric forms of 
hyaluronate were identified among the mixed 
molecules of proteoglycans [Figs 4(b) and 4(c)1. 
Interestingly, at these locations proteoglycan 
clusters were found associated with the hyaluronate 
filaments. The clusters were generally of the loose 
variety [Figs 4(b) and 4(c)]. It was not possible, 
however, to resolve how the clusters interacted with 
the hyaluronate filament and so determine whether 
the glycosaminoglycan chains or the core proteins, 
independently or jointly, contacted the hyaluronate 
filaments. A close association of both components, 
however, was apparent suggesting that binding 
could involve either one or both types of inter- 
actions. In light of these observations and those 
made by column chromatography, it would appear 
that small proteoglycans bind to hyaluronate 
in vitro but unlike the classical interaction so 
well described for aggrecan, these interactions 
appear to involve multimeric omplexes of small 
proteoglycans. 
The question arises as to whether self-association 
of the 'non-aggregating' proteoglycans is merely an 
in vitro phenomenon or does it occur in situ? In this 
respect it was interesting to note that in a study of 
type II collagen fibril fragments isolated from 
post-hatched chick cartilage, globular proteins were 
observed in association with the fibril surface. On 
most fibrils, single globules about 8 nm in diameter 
were found to project at regular intervals, and these 
were attached to the fibril surface through a single 
thin filament [Fig. 5(a)]. The globules appear to be 
analogous to those previously described for the NC4 
domain of type IX collagen, [22]. On the remaining 
fibrils (approximately 10%), clusters of globules 
were found to coat the fibril, and these measured 
approximately 10nm [as characterized the diameter 
of the monomeric globular proteins observed within 
the 'non-aggregating' proteoglycan preparation; 
Fig. 5(b)]. The shape and form of the clusters 
observed in situ resembled the loose proteoglycan 
complexes which were generated by reconstitution 
of purified 'non-aggregating' proteoglycans, either 
in the presence or absence of hyaluronate [compare 
Fig. 5(b) with Figs 3(c) 4(b) or 4(c)]. 
Discuss ion  
The present work demonstrates that in vitro, 
decorin, biglycan and fibromodulin can aggregate 
into complexes with one another as well as with 
hyaluronate, and provides ome evidence that these 
substances also aggregate in vivo. It is, therefore, 
necessary to proscribe the use of the term 
'non-aggregating' proteoglycans when referring to 
decorin, biglycan and fibromodulin. A term such as 
leucine-rich repeat (LRR) proteoglycans, which 
categorizes the superfamily to which the core 
proteins belong [27], would better describe this 
group of molecules. Let us examine first the ability 
of these substances to interact with one another, 
second their binding to hyaluronate, and third the 
significance of these in vitro findings for the in vivo 
condition. 
Recognition that the small proteoglycans 
form supramolecular complexes in vitro is a long 
standing observation. Indeed, investigators have 
utilized supramolecular interactions to advantage 
as an important strategy to biochemically purify 
and isolate small proteoglycans [28,29]. This 
propensity toward self-association is also observed 
during standard preparation ofmolecules for rotary 
shadowing electron microscopy, where both 
purified biglycan and decorin have been shown to 
independently form star-shaped aggregates [30], 
which are comparable to the compact clusters 
described herein, and which appear to be mediated 
via core protein-core protein interactions. In 
addition to the compact clusters, we have identified 
a loose form of aggregation, which is mediated via 
glycosaminoglycan interactions and increases in 
frequency when the experiment is carried out at 
37°C instead of 4°C. The self-association of small 
proteoglycans via the interaction of their dermatan 
sulfate chains has been previously described (31-), 
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FIG. 4. Analysis of hyaluronate and small proteoglycans byrotary shadowing electron microscopy. High molecular weight 
hyaluronate is visualized (a) alone and (b), (c) in the presence of the small proteoglycans. Hyaluronate filaments are 
identified by arrowheads (b), (c) and proteoglycan clusters are marked by asterisks. Bar = 100 nm. Magnification ×160 000. 
and these interact ions have been shown to be 
perturbed by increasing ionic strength (32). The 
condit ions used in our work would favor such types 
of interact ion,  both upon electron microscopy and 
appl icat ion to the hyaturonate-Sepharose.  
The interact ion of 'non-aggregating' proteo- 
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FIG. 5. Analysis of collagen fibril fragments by rotary shadowing electron microscopy. The collagen fibrils, isolated from 
chick growth plate cartilage, demonstrate (a) singularly organized globular proteins which are found regularly on the 
fibril surface (arrowheads), and (b) clusters of globular proteins also found to coat the fibril (asterisk). Bar = 100 nm. 
Magnification x160 000. 
glycans with hyaluronate is a somewhat surprising 
result. This is in contrast to previous tudies, using 
gel filtration or electrophoretic techniques, where 
no interaction has been observed between decorin 
or biglycan and hyaluronate. One explanation for 
this apparent discrepancy could be related to the 
relatively small size of the hyaluronate fragments 
used in the hyaluronate-Sepharose chromatog- 
raphy compared to the high molecular weight 
hyaluronate used in most other studies. The two 
preparations of hyaluronate are likely to exhibit 
differences in conformation, which could alter their 
interactive properties [33]. One observation that 
gives circumstantial evidence to support an inter- 
action between decorin and biglycan with 
hyaluronate is derived from the initial isolation f 
the 'non-aggregating' proteoglycans in associative 
CsC1 gradients [19]. Under these conditions, the 
'non-aggregating' proteoglycans were recovered at 
an unexpectedly high buoyant density just above the 
high-density proteoglycan aggregates. Interaction 
of decorin and biglycan with free hyaluronate 
segments in the lower density aggregates could 
explain this anomalous behaviour. In vivo, a similar 
interaction may be proposed where regions of 
hyaluronate are exposed between aggrecan mol- 
ecules. Here the conformational properties of the 
hyaluronate may resemble those of the fragments 
isolated by partial hyaluronidase cleavage of intact 
hyaluronate. 
The final question is whether the interaction of 
'non-aggregating' proteoglycans between them- 
selves and with hyaluronate takes place in vivo. 
While this question cannot be answered with 
assurance, it is of interest hat structures compar- 
able to loose clusters could associate with collagen 
fibrils isolated from cartilage by mechanical 
disruption. There are several reviews in the 
literature that describe the potential importance 
of collagen-proteoglycan and glycosaminoglycan- 
glycosaminoglycan interactions in the maintenance 
of tissue structure [34, 35], and the results described 
here would be compatible with such a view. 
Moreover, our findings support he possibility that 
decorin or fibromodulin present upon the surface of 
collagen fibrils could act as mediators allowing 
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interact ion between the fibrillar collagen network 
and the hyaluronate of the interspersed proteo- 
glycan aggregates. The cationic amino terminal  
domain of type IX collagen, which also resides on the 
fibril surface, has been previously postulated to 
fulfill such a role [22], though there is no direct 
experimental evidence at present o support this 
possibility. Any interact ion between the 'non- 
aggregating' proteoglycans and hyaluronate is not 
part icular ly strong, at least in comparison to 
specific protein interactions, such as exhibited by 
the aggrecan G1 domain. However, it s possible that 
a relatively weak interact ion could be more 
desirable in a tissue matrix that may need to remodel 
as it withstands the rigors introduced by com- 
pression throughout life. 
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